A B S T R A C T The mechanism of the intestinal esterification of retinol has been obscure. Recently, an acylCoenzyme A (CoA):retinol acyltransferase (ARAT) was found in rat intestinal microsomes, and experiments were therefore conducted to determine whether a corresponding enzyme exists in human small intestine. When microsomes were incubated with [3H]retinol and palmitoyl-CoA, or retinol and [1-_4C]palmitoylCoA, radioactive retinyl palmitate was formed as identified by alumina column chromatography and reverse-phase high-pressure liquid chromatography. Heating the microsomes for 30 min at 60'C resulted in loss of activity. The esterification was negligible without exogenous acyl-CoA and markedly stimulated by palmitoyl-, oleoyl-, and stearoyl-CoA in concentrations up to 20 gM. The acyl-CoA was successfully replaced by an acyl-CoA generating system, but not by unactivated palmitate (2.5-200 gM). The assay was dependent on the presence of albumin with optimum activity at 2-10 mg/ml. The optimal retinol concentration was 20-30 ,uM and pH -7.4. The esterifying activity was completely inhibited by 8 mM of taurocholate and to 90% by 1 mM of 5,5'-dithiobis(2-nitrobenzoic acid). Activity was found throughout the small intestine. In jejunum the rate of retinol esterification was: 3.44±2.24 nmol [3H]retinyl ester formed -mg microsomal protein-'* min-' (mean+SD, n = 12). The corresponding activity in whole homogenates of biopsies were 1.17±0.28 (n = 8). It is concluded that human An abstract entitled "Acyl-CoA:retinol acyltransferase (ARAT) in rat and human small intestine" was presented at
A B S T R A C T The mechanism of the intestinal esterification of retinol has been obscure. Recently, an acylCoenzyme A (CoA):retinol acyltransferase (ARAT) was found in rat intestinal microsomes, and experiments were therefore conducted to determine whether a corresponding enzyme exists in human small intestine. When microsomes were incubated with [3H]retinol and palmitoyl-CoA, or retinol and [1-_4C] palmitoylCoA, radioactive retinyl palmitate was formed as identified by alumina column chromatography and reverse-phase high-pressure liquid chromatography. Heating the microsomes for 30 min at 60'C resulted in loss of activity. The esterification was negligible without exogenous acyl-CoA and markedly stimulated by palmitoyl-, oleoyl-, and stearoyl-CoA in concentrations up to 20 gM. The acyl-CoA was successfully replaced by an acyl-CoA generating system, but not by unactivated palmitate (2.5-200 gM). The assay was dependent on the presence of albumin with optimum activity at 2-10 mg/ml. The optimal retinol concentration was 20-30 ,uM and pH -7.4. The esterifying activity was completely inhibited by 8 mM of taurocholate and to 90% by 1 mM of 5,5'-dithiobis(2-nitrobenzoic acid). Activity was found throughout the small intestine. In jejunum the rate of retinol esterification was: 3.44±2.24 nmol [3H]retinyl ester formed -mg microsomal protein-'* min-' (mean+SD, n = 12). The corresponding activity in whole homogenates of biopsies were 1.17±0.28 (n = 8). It is concluded that human INTRODUCTION Vitamin A derives from two major sources; retinyl esters of animal origin that are hydrolyzed in the intestinal lumen prior to absorption, and #-carotene from plant tissues that is largely or completely converted to retinol within the mucosal cell. Whatever the source of intramucosal retinol, it is subsequently absorbed into the body via the lymphatic route almost entirely in the form of retinyl esters associated with chylomicrons (1) (2) (3) (4) (5) . The intestinal esterification of retinol therefore represents an important step in vitamin A metabolism, but nevertheless only limited information exists about its enzymology (1, 2) . The esterifications leading to the synthesis of triglycerides and cholesteryl esters for the chylomicron core and to phospholipids for the chylomicron "membrane" are all catalyzed by microsomal acyl-coenzyme A (CoA) transferases using acyl-CoA formed by the intestinal long-chain fatty acid:CoA ligase (EC 6.2.1.3) in the same subcellular fraction (6, 7) . By analogy it is likely that the formation of retinyl ester might be due to a corresponding mechanism. Thus, we have recently published evidence for an active acyl-CoA:retinol acyltransferase (ARAT)' in microsomes from rat intestinal mucosa (8) . Independently, a similar enzyme has been demonstrated by Ross in lactating rat mammary gland (9) and in cat and rat liver (10 (2) . Both labeled and unlabeled retinol were stored in ethanol at -20'C in the dark under an atmosphere of nitrogen, and all handling was in dim light. The absorption spectrum of the unlabeled retinol (11, 12) (7) . The biopsies and microsomal preparations from proximal duodenum, proximal jejunum, and distal ileum were stored in potassium phosphate buffer (0.2 M, pH 7.4) at -70°C. The oldest preparations used were nearly 3 yr old, but all critical experiments concerning optimization of the ARAT assay and identification procedures were based on microsomes that had been stored for <1 yr. New material from different parts of the small intestine was obtained for this study by resections made at the time of nephrectomy in patients suffering from brain death. Small resectates also derived from jejunum of patients subjected to gastric bypass surgery. From the specimens of proximal jejunum "biopsies" were taken and stored as described above. Whole homogenates of the biopsies were prepared on the day of enzyme assay (14) . Microsomes were prepared from "scraped-off" mucosa as previously described (7).
The assay for ARAT activity. All procedures were conducted in dim light and largely as previously described with the standard assay based on production of 
RESULTS

Demonstration of microsomal
ARAT activity Effects of variation in incubation conditions. The search for ARAT activity was based on microsomal preparations from jejunum and the initial incubations were performed with palmitoyl-CoA and [3H]retinol as substrates under conditions optimal for rat intestinal ARAT activity (8) . From the lipid extracts of these incubations a substantial amount of radioactivity was recovered corresponding to the retinyl ester fraction isolated by alumina column chromatography. From control incubations with heat-inactivated microsomes, however, usually <0.5% was found in the same fraction. This strongly suggested that human small intestine, like the small intestine of rats, contained ARAT activity and our first step aimed at optimization of the assay system. As shown in Fig. 1 The highest rate of retinol esterification was at pH 7.4. At pH 6.6 and 8.0 the activity was reduced to -75 and 50% of maximum, respectively (data not shown).
Without exogenous acyl-CoA insignificant amounts of retinyl esters were formed (Fig. 2) , but the rate of esterification increased substantially with increasing concentrations of oleoyl-or palmitoyl-CoA up to 20 MM. No further change in ARAT activity was found when the acyl-CoA concentrations were increased from 20 to 50 MM. The rate of retinol esterification was somewhat higher with palmitoyl-CoA compared with oleoyl-CoA. The effect of increasing stearoyl-CoA concentrations was also tested, but with another microsomal preparation (data not shown). The curve obtained was qualitatively the same as those in Fig. 2 with an optimal rate of esterification using 20-50 gM of stearoyl-CoA. At 20 MM of stearoyl-CoA the ARAT activity was -10% lower than that obtained with the same microsomes using palmitoyl-CoA.
Identification of the retinyl ester formed. When apparently optimal incubation conditions were established it was necessary to provide evidence that the radioactive product formed during the incubation actually was retinyl ester. Separation of retinyl esters from retinol and its more polar metabolites is best performed by reverse-phase HPLC (8, 17) . Subsequent incubation aliquots of the lipid extracts were therefore subjected to HPLC as shown in Fig. 3 In similar experiments we also tested the distribution of radioactivity after HPLC (8) . From Together, HPLC data showed that retinyl ester formation took place during incubations with intact microsomes, but not after their heat-inactivation. Not only did the product comigrate with authentic retinyl palmitate, but its formation was dependent on the presence of retinol as well as palmitoyl-CoA, and radioactivity from both substrates was incorporated into retinyl ester. TIME (min) FIGURE Dependency on activated fatty acid. Human smallintestinal microsomes contain an active acyl-CoA hydrolase (7) . In separate experiments the activity of this enzyme was found to be high also under the incubation conditions optimal for retinol esterification (data not shown). This opened up the possibility that the dependency on acyl-CoA (Fig. 2) was only apparent and that the enzyme activity actually was due to a retinol esterase. It was therefore mandatory to test whether the substrate was the free fatty acid or its CoA ester (8) . As shown in Table I , practically no retinyl ester formation was observed when the preformed palmitoyl-CoA (20,MM) was replaced by palmitate (2.5-200 uM). When a palmitoyl-CoA generating system based on palmitoyl-carnitine, CoA, and CPT (EC 2.3.1.21., ref. 14) was used, however, the yield of retinyl ester was comparable to that observed with the preformed metabolite. Thus, the enzyme studied was dependent on activated fatty acid and, therefore had to be an ARAT. Activity and some properties of ARA T The activity in different parts of the small intestine. Absorption of lipids and lipid soluble vitamins normally takes place in the proximal part of the small intestine. Our results described so far were therefore based on microsomes from jejunum. From one experiment to another some variation was observed in the ARAT activity of each preparation, but within each experiment reproducible results were obtained as to the relative activity of the different preparations. Table II shows that ARAT activity was found throughout the small intestine. It appeared that the activity was higher in microsomes prepared from jejunum than in those from duodenum or ileum. This was also found when the ARAT activity in two individuals was tested with microsomes from all three regions. In another individual the activity in microsomes from duodenum versus jejunum was tested with the same result. However, although these data do suggest a higher activity in jejunum any firm conclusion on the relative importance of the different gut regions will have to await the analysis of more sets of samples taken from separate individuals. Table II also shows the ARAT activity in whole homogenates of biopsies from distal duodenum/proximal jejunum. Representing one-third of that obtained with microsomes from the same region, these data indicated that the activity was of microsomal origin. No further work was done, however, to study the subcellular localization of ARAT activity.
Inhibition of ARAT activity by DTNB and taurocholate. The microsomal ARAT activity in rat small intestine has several properties in common with the intestinal acyl-CoA:cholesterol acyltransferase (ACAT) (8) . Thus, DTNB and taurocholate are inhibiting to both enzymes as they are to ACAT activity in human small intestine (7, 14) . Correspondingly, when the ef- 
DISCUSSION
This study is the first to show retinyl ester synthesis by membrane preparations of human intestinal mucosa. Unequivocal identification of retinyl ester as the reaction product was obtained by the fact that radioactivity from both the retinol and acyl moiety was incorporated and that the product comigrated with authentic retinyl ester by HPLC. The ultimate aim of the study, however, was to determine whether the esterification was catalyzed by an ARAT as recently shown for rat small intestine (8) and thus analogous to the esterification of other lipid alcohols.
The amount of retinyl ester formed with no exogenous sources of acyl-CoA was consistently very low ( Fig. 2) and probably due to a small amount of endogenous acyl-CoA as shown by Ross for the corresponding assay with microsomes from rat liver and mammary gland (9, 10) . The reaction was highly stimulated by exogenous acyl-CoA whether preformed or generated during the incubation, but not by unactivated fatty acid (Fig. 2, Table I ). These data prove that the enzyme studied was in fact an ARAT and not a simple esterase.
Goodman et al. have previously shown that the predominating acyl groups in retinyl ester of rat and human lymph are palmitate, stearate, oleate, and linoleate, in that order (3, 4) . This report shows that the in vitro incorporation of activated palmitate, oleate, and stearate into retinyl ester is effectively catalyzed by ARAT. It is not known if the acyl-pattern of lymph retinyl ester in vivo is due to acyl-CoA specificity of the enzyme or simply due to the actual access to acylCoA, but our findings in vitro strongly increase the possible physiological role of ARAT. The specific activity of the enzyme was apparently highest in jejunum where most lipid absorption normally takes place (18, 19) . Based on the activity in vitro it is evident that this enzyme may account for all retinyl ester formation during absorption. Physiological importance of ARAT is further strengthened by its demonstration in tissues known to be active in retinol esterification; that is until now in rat mammary gland (9), liver (10) and intestine (8) and in this report, human intestine. The enzyme is membrane-bound and the optimal assay conditions are rather similar. In all tissues the activity is strongly inhibited by taurocholate suggesting that micelles may interfere in some way or another. Like other microsomal acyltransferases including the intestinal ACAT (20, 21) , ARAT is also inhibited by thiol-blocking agents (Fig. 4A, ref. 8, 10 ). Since the properties of rat intestinal ARAT correspond closely with those of ACAT, we have previously raised the question whether the intestinal esterification of retinol and cholesterol is due to the same enzyme (8) . In human small intestine the activity of ARAT is one order of magnitude higher than that of ACAT (7) but the question is still open and warrants further investigation.
